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Abstract 
Topological quantum states require stringent combination of crystal symmetry and spin-orbit 
coupling (SOC) strength. Here, we report that the ternary Zintl compound series BaCaX (X=Si, 
Ge, Sn and Pb, Group IV) in the same crystal structure having 8 valence electrons per formula 
unit can host two different topological quantum phases, controlled by atomic size and SOC 
strength. BaCaSi is a nodal-line semimetal (NLSM) with band inversion protected by mirror 
symmetry and hosts a strong topological insulator (TI) state when SOC is turned on, thus, a 
NLSM-TI phase. Moving to larger atomic sizes and heavier atoms, BaCaGe and BaCaSn are 
normal insulators (NIs); then, with the strongest SOC in BaCaPb, a different band inversion is 
induced, giving a strong TI phase without the need of NLSM. Thus, we also predict two types of 
topological transitions in a phase diagram for BaCaX: (1) NLSM-TI to NI, then to TI by tuning 
atomic size and SOC strength via alloying, and (2) NI or TI to NLSM-TI via pressure. 
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Introduction 
Among recently discovered topological quantum materials, topological insulator (TI)1-11, Dirac 
semimetal (DSM)12-17, Weyl semimetal (WSM)18-29 and nodal-line semimetal (NLSM)20, 30-47, 
NLSM stands out as being topologically non-trivial even without spin-orbit coupling (SOC). The 
band degeneracy of different orbital characters on a nodal line is protected by non-symmorphic 
crystal symmetry. NLSMs also serve as host systems for other topological quantum states48 
because SOC opens up gaps on nodal line at locations determined by symmetries. Symmetry 
analysis has been used to explore the topological states permitted within specific space groups35, 
49-54. Crystal structures with the right combination of space-group symmetry and SOC strength 
have been searched for topological states. Strain can be used to tune a structure in and out of a 
topological state55-56. In surface adsorption systems, coverage can be used as additional control to 
tune topological states57. Often for a specific crystal structure, only one transition is found 
between a topologically trivial to a non-trivial state. Here, notably, we find that by dialing the 
atomic size (strain) and SOC strength with elements from the same group, one crystal structure 
can host two different topological quantum phases, with a normal insulator (NI) phase in 
between. 
Binary Zintl compounds SrX (X=Pb,Sn)55 and BaX (X=Si,Ge)56 have been predicted as TI and 
NLSM. More recently, ternary transition-metal (TM) silicides and germanides in the same 
structure have been predicted as NLSMs without SOC and become hosts of strong TI states with 
saddle-like Dirac points (DPs) when SOC is turned on.45-46 The specific combination of early, 
late TMs and group IV element gives 18 valence electrons per formula unit. Here we studied the 
ternary Zintl compounds with 8 valence electrons per formula unit, which consist of two alkali-
earth metals and group IV elements in a series, BaCaX (X=Si, Ge, Sn and Pb). When replacing 
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one element with another from the same group in a compound, the electronic band structure is 
affected by several factors, among which are atomic size and SOC strength, and both increase in 
the periodic table when going down the same group. The shifts in band position and width are 
well known, such as d-band centers in TMs and their compounds58-59, while less clear are how 
these factors also affect the newly discovered topological quantum states. 
To search for topologically non-trivial quantum materials, usually heavy atom with large SOC 
is preferred for inducing band inversion. Using band-structure calculation based on density 
functional theory (DFT)60-61, we find that, starting with the heavy Pb, BaCaPb is a strong TI that 
has a SOC-induced band inversion near the Fermi energy (EF) between Pb p and Ba d orbitals. 
Moving to Sn and Ge, SOC strength decreases, the compounds become normal semiconductors 
without band inversion. But moving further to Si, the smaller lattice constant gives arise to band 
crossings and form a nodal line loop with band inverted on the ky=0 plane as protected by mirror 
symmetry. The weak SOC in BaCaSi does not induce band inversion, but just opens a small gap 
throughout the nodal line and changes it from a NLSM to a strong TI, both are topologically non-
trivial, thus a NLSM-TI phase. The nodal line and TI features in BaCaX are also isolated at the 
EF with no other major bands crossing EF elsewhere in the Brillouin zone (BZ). Additionally, we 
show that BaCaGe, BaCaSn and BaCaPb can be tuned into NLSM-TIs by hydrostatic pressure 
(uniform compressive strain). Thus, we present a phase diagram showing two types of 
topological transitions for the series of BaCaX with elements from the same group in the crystal 
structure: one from a NLSM-TI to NI, then to TI by dialing the atomic size and SOC strength via 
alloying; the other from a NI or TI to NLSM-TI via pressure. 
Computational Methods 
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All DFT calculations with and without SOC were performed with PBE62 exchange-correlation 
functional using a plane-wave basis set and projector augmented wave63 method, as implemented 
in the Vienna Ab-initio Simulation Package64-65 (VASP). Using maximally localized Wannier 
functions66-68, tight-binding models were constructed to reproduce closely the band structure 
including SOC in the range of EF±1eV with Ba s-d, Ca s and group IV p orbitals. Then surface 
Fermi arcs and spectral functions were calculated with the surface Green’s function methods46, 69-
72. In the DFT calculations, we used a kinetic energy cutoff of 266.6 eV, Γ-centered Monkhorst-
Pack73 (6×10×6) k-point mesh, and a Gaussian smearing of 0.05 eV. For all band-structure 
calculations, the atomic basis positions and unit cell vectors are fixed with experimental values74. 
To account for hydrostatic pressure effect, uniform strains up to ±6% are applied in each 
dimension of the unit cells. The choice of PBE with experimental lattice parameters is justified 
by the very good agreement between PBE band structures and angle-resolved photo-electron 
spectroscopy (ARPES) experiments for many topological semimetals. Specifically, for the 
related silicide compound CaMgSi, PBE band structures predict a semimetal and was confirmed 
in single crystal transport experiment75. 
Results and Discussion 
For BaCaX (X=Si, Ge, Sn and Pb), the orthorhombic structure of space group 62 (Pnma) is 
shown in Fig. 1(a) with the bulk and surface (010) BZs in Fig. 1(b). The structure has two 
alternating layers along b = [010] direction related by a glide plane {My |0½0}. (It turns to a 
mirror plane if the plane is chosen to sit on the atomic layer.) For each X, it is coordinated by one 
Ba and two Ca in the same layer, and two Ba and one Ca from a neighboring layer. The X-Ba 
(X-Ca) bond length ranges from 3.07 to 3.39Å (3.37 to 3.81 Å). Along a and c directions, there 
are also glide planes, with fractional unit cell vectors not along the plane axis, but {Mx|½½½} 
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and {Mz|½0½}, respectively. There are screw axes along a, b and c with the same fractional unit 
cell vectors as the glide planes along that axis. Together they give the inversion center to the 
structure. 
For the four compounds in this series, the bulk band structures calculated with PBE+SOC are 
shown in Fig. 1. Unlike TM series45,46, where they are multiple bands crossing EF at Γ point and 
around U, here EF is only pinned by the features around Γ, while every other high-symmetry 
direction has a large gap (0.5 eV or greater). Starting with BaCaSi (Fig. 1(c)), along X-Γ-Z, the 
parabolic valence and conduction bands cross around Γ and show band inversion features. 
Moving to BaCaGe (Fig. 1(d)) and BaCaSn (Fig. 1(e)) with larger lattice constants, the 
conduction and valence bands have less dispersion and move apart to break the nodal line loop 
creating a band gap of 0.15 and 0.20 eV, respectively. Both BaCaGe and BaCaSn become 
normal semiconductors. Besides increasing lattice constant, atomic number, Z, also increases 
when moving to BaCaGe and BaCaSn. Its effect can be seen in the downward shift for the 
conduction bands of BaCaSn in comparison to those of BaCaGe. As Z increases further to Pb, 
SOC becomes the most significant for BaCaPb (Fig. 1(f)) because it scales as Z4. The conduction 
bands of BaCaPb are pulled further down in energy and now SOC induces a different band 
inversion around the Γ point. 
In Figure 2, we have zoomed in the band features around Γ for BaCaSi and BaCaPb with 
projections on X p and Ba d orbitals. Without SOC, for BaCaSi (Fig. 2(a)), the valence and 
conduction bands with different orbital characters crosses near the EF and forms a nodal line 
loop around Γ on the ky=0 plane, which is similar, but smaller, than the TM series.45-46 In 
contrast, without SOC, BaCaPb (Fig. 2(b)) has a band gap of 0.08 eV at Γ with no band 
inversion. To further analyze the topological properties of the band structures, tight-binding 
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models with maximally localized Wannier functions have been fitted to reproduce closely the 
band structures from DFT+SOC in the range of EF±1eV, as shown in Fig. 3(a) for example for 
BaCaSi.  
By searching for all the crossing points between valence and conduction bands of BaCaSi 
without SOC in the full BZ enabled by the tight-binding model, the nodal line loop on ky=0 
plane is obtained and shown in Fig. 3(b). The degeneracy of the nodal line loop in BaCaSi is 
protected by mirror symmetry and topologically non-trivial. The topological invariant ν(kx,kz) 
associated with mirror plane at ky=0 can be defined44 as 
 ( ) ( ) ( ) ( ),1 ,0, , ,x zv k k x z x zk k k kξ ξ π− =  , (1) 
where ξ(k) is the product of mirror eigenvalues of all the occupied bands at k. We have 
calculated the mirror-symmetry index from the parity of the wave functions of all occupied 
bands and obtained ν=1 inside the nodal line loop near the Γ point, while ν=0 outside the nodal 
line loop in BaCaSi (see Fig. 3(c) for ν along X-Γ-Z). Further proof of the nodal line loop is the 
surface spectral function near Γ in Fig. 3(d), where a drumhead-like flat surface band connects 
between the bulk nodes. So, without SOC, BaCaSi is already topologically non-trivial and is a 
NLSM, while BaCaPb is a topologically trivial semiconductor.  
When SOC is turned on, the nodal line loop in BaCaSi is gapped throughout and the two 
crossings become very small gaps due to the small SOC strength (see Fig. 2(c)). This changes 
BaCaSi from a NLSM to a TI, still topologically non-trivial. The evolution of Wannier charge 
centers (WCCs)46, 76-77 have been calculated for BaCaSi on the planes spanned by time-reversal 
invariant momentum (TRIM) points (see Fig. 2(e) for the ky=0 plane and Fig. S1 for the other 
planes). To tell whether it is topologically trivial or non-trivial, one can draw an arbitrary 
reference line along the x-axis, i.e., the pumping direction across half of the BZ because the 
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system has time reversal symmetry. If the reference line has an odd number of crossings with 
WCCs, then it is non-trivial. Otherwise, it is trivial. The topological Z2 index is 1 on kx, ky and 
kz=0 planes and 0 on kx, ky and kz=0.5 planes, indicating a strong TI with Z2=(1;000). Thus, 
BaCaSi is a NLSM hosting a strong TI, or a NLSM-TI phase. 
For BaCaPb with the strongest SOC strength in group IV series, a different band inversion is 
induced to overcome the gap of 0.08 eV and the orbital characters are switched near Γ with an 
almost touching point along Γ-Z (Fig. 2(d)). The calculation of the evolution of WCCs in 
BaCaPb (see Fig. 2(f) for the ky=0 plane and Fig. S2 for the other planes) indicates the band 
structure becomes topologically non-trivial with SOC, also a strong TI with Z2=(1;000). We find 
that Ba d and X p orbitals are mostly responsible for the band inversion. But the contents of the 
band inversion are different for BaCaSi and BaCaPb. For NLSM-TI in BaCaSi, the valence band 
around Γ is of Ba dx2-y2 and dz2, and the conduction band is of Si py character. In contrast, for TI 
in BiCaPb, the valence band is of Ba dz2 and Pb px character, and the conduction band is of Pb py 
and also to a less amount of Pb pz character, showing more orbital mixing than BaCaSi due to 
the strong SOC strength in Pb. 
Strong TIs have surface bands connecting from bulk valence to conduction bands and form DP 
at one of the TRIM points. The surface spectral functions for BaCaSi are plotted in Fig. 4(a) and 
(c). When zoomed out (Fig. 4(a)), along all high symmetry directions in the surface BZ, there are 
a few surface bands in the bulk gap region arising from the dangling bonds, but are away from 
the band inversion region near Γ. The high spectral density just around Γ point near EF hints at 
additional surface bands. Indeed, when zoomed in (see Fig. 4(c)), two surface bands connecting 
bulk valence and conduction bands crosses at the Γ point, similar to the strong TI surface band 
features in other NLSMs, such as CaAsAg44, but not the saddle DP in TM series compounds with 
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the same crystal structure45-46. At EF+20 meV, the Fermi arc crossing the surface bands are 
shown in Fig. 4(e). The elliptical shape of the Fermi arc with long axis in kx direction is 
surrounded by the contribution from the bulk bands due to the small gap arising from the weak 
SOC strength in Si. From surface spectral function and Fermi arc plots, BaCaSi does not show 
the saddle-like DP at Γ with a hyperbola, but a normal ellipse, because the band inversion in 
BaCaSi is of p-d orbitals, different from the band inversion of d-d orbitals in the TM series45-46. 
For BaCaPb, the surface spectral function is shown in Fig. 4(b) and (d). Unlike BaCaSi, the 
surface band stemming from Γ point in BaCaPb is extensive and reaches the bulk valence band 
near X point. When zoomed in (see Fig. 4(d)), the surface DP is at EF+25 meV. Along the Γ-X 
direction, the long segment of linear dispersion is clearly different from that of BaCaSi. The 
Fermi arc at EF+10 meV shows an elliptical shape with long axis in kz direction as seen in Fig. 
4(f). Because of larger band gap in BaCaPb than BaCaSi, there are fewer contributions from bulk 
bands in the Fermi arc. From the spin-momentum locking in the surface band, the spin switches 
direction in the top and bottoms half of the Fermi arc.  
Although strong TI states in BaCaSi and BaCaPb have different origins in band inversion (the 
former from gap opening in a nodal line loop protected by mirror symmetry, and latter from the 
band inversion induced by strong SOC), the surface band dispersion near the DP can both be 
described by a two-band k.p model Hamiltonian7, 45 with SOC on the (010) surface in different 
parameters, 
 ( ) ( )2 2,srf x z x z k x z z xH k k ak bk v k k eσ σ= + + − +  , (2) 
where σx and σz are Pauli spin matrix. The solution to the above Hamiltonian gives the energy 
dispersion near the surface DP as 
 2 2 2 2 2 2x z x zE ak bk c k d k e± = + ± + +  , (3) 
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where the parameters fitted to first-principle bands are a=1.945 eVÅ2, b=1.728 eVÅ2, c=0.031 
eVÅ, d=0.092 eVÅ and e=0.017 eV for BaCaSi; and a=−11.565 eVÅ2, b=−4.034 eVÅ2, c=0.558 
eVÅ, d=0.093 eVÅ and e=0.024 eV for BaCaPb. The opposite sign of the quadratic terms 
indicates different types of band inversions for BaCaSi and BaCaPb. 
When the lattice constants are decreased for BaCaGe, BaCaSn and BaCaPb (uniform 
compressive strain under hydrostatic pressure), the parabolic valence and conduction bands can 
cross each other and form a nodal line loop similar to that in BaCaSi (see Fig. 5(a) for BaCaGe at 
−4%, (c) for BaCaSn at −6% and (e) for BaCaPb at −2%). Usually such crossing away from 
high-symmetry point is gapped out and the size of gap increases with smaller volume and shorter 
bond length for stronger band hybridization. But, for the nodal line loop, the crossings between 
these two bands of different orbital characters are protected by symmetry and thus robust. When 
SOC is turned on, the nodal line loops are all gapped out with different gap sizes determined by 
the different SOC strength (see Fig. 5(b), (d) and (f)). On the other hand, when a tensile uniform 
strain is applied, BaCaGe and BaCaSn remain normal semiconductors with increased band gaps 
due to the less band dispersion with larger volume. In contrast, the nodal line loop in BaCaSi 
becomes smaller with tensile strain and disappears at +0.5%. The TI band inversion in BaCaPb is 
also affected by tensile strain and the band inversion disappears at +6%.  
A schematic for the topological phase diagram in the BaCaX series with respect to atomic 
number factor (Z4) and hydrostatic pressure (P) is summarized in Fig. 6. There are two types of 
topological transitions for the BaCaX in the same crystal structure: one along Z4, from a NLSM-
TI to NI and then to TI when dialing the atomic size and SOC strength within Group IV 
elements; and the other along P, from a NI or TI to NLSM-TI under hydrostatic pressure. The 
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phase boundary between NI and TI is indicated by a dashed line and needs to be determined by 
BaCa(Sn-Pb) semiconductor alloys in the future. 
Conclusion 
In conclusion, using first-principles band-structure calculations, we find that the compound 
series of BaCaX (X=Si, Ge, Sn and Pb) in the same crystal structure can host two different 
topological quantum phases, by dialing atomic size and spin-orbit coupling (SOC) strength with 
chemical elements from the same group. BaCaSi has a band inversion around Γ point even 
without SOC due to a mirror plane symmetry and is a nodal-line semimetal (NLSM), whereas, 
with SOC, the gap opening on the nodal-line loop changes BaCaSi to a strong topological 
insulator (TI), thus a NLSM-TI phase. Moving to Ge and Sn in the group IV series with larger 
lattice constant and heavier atoms, band inversion first disappears, and BaCaGe and BaCaSn are 
normal (finite band gap) semiconductors. Then moving further to Pb, the strong SOC in BaCaPb 
induces a different band inversion along X-Γ-Z, giving a non-trivial strong TI band structure. 
Interestingly, hydrostatic pressure (uniform compressive strain) can change BaCaGe, BaCaSn 
and BaCaPb into NLSM-TIs. Thus, both alloying (as a chemical knob for atomic size and SOC 
strength) and pressure can be used to tune transitions between different topological quantum 
phases in the ternary Zintl BaCaX compounds. 
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      (a)           (b) 
 
      (c)           (d) 
 
      (e)           (f) 
 
Figure 1. (a) Orthorhombic structure of BaCaX (X=Si, Ge, Sn and Pb) in space group 62 
(Pnma), Ba, Ca and X are given by red, blue and gray spheres, respectively. (b) First Brillouin 
zones for bulk (blue) and (010) surface (red) with high-symmetry points labeled. Bulk band 
structures calculated in PBE+SOC for (c) BaCaSi, (d) BaCaGe, (e) BaCaSn and (f) BaCaPb.  
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          (a)               (b) 
           
          (c)               (d) 
              
          (e)                (f) 
Figure 2. Bulk band structures zoomed in along X-Γ-Z for (a) BaCaSi and (b) BaCaPb without 
SOC. The corresponding band structure with SOC are in (c) and (d). Sizes of red (green) bars 
stand for the projection on group IV p (Ba d) orbitals. As for the scale of projections, the weight 
at Γ for BaCaSi in (a) is of 90% Si py. (e) and (f) Wannier charge center (WCC) with SOC at 
ky=0 plane for (e) BaCaSi and (f) BaCaPb showing topological non-trivial with Z2=1. 
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          (a)               (b) 
 
(c)               (d) 
Figure 3. (a) Comparison of bulk band structures for BaCaSi between DFT+SOC (black) and 
tight-binding Hamiltonian with maximally localized Wannier functions (red). (b) nodal-line loop 
in BaCaSi without SOC on the ky=0 plane, where the gap between the conduction and valence 
band is zero, and (c) the topological index (ν) for the nodal-line loop along X-Γ-Z. (d) Surface 
spectral function for BaCaSi (010) without SOC. A flat surface band connects the bulk nodal-
line points inside the non-trivial region protected by mirror symmetry.  
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(a)      (b) 
   
(c)      (d) 
  
(e)      (f) 
 
Figure 4. Surface spectral function for (a) BaCaSi and (b) BaCaPb(010) along high-symmetry 
directions and (c) and (d) zoomed in around Γ. Fermi arcs for (e) BaCaSi at EF+20 meV and (f) 
BaCaPb at EF+10 meV. Low, medium, and high density of states is indicated by blue, white and 
red colors, respectively.   
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         (a)           (b) 
 
 
         (c)           (d) 
 
         (e)           (f) 
 
Figure 5. Bulk band structures along X-Γ-Z under hydrostatic pressure (uniform compressive 
strain in unit cell vectors) for (a) BaCaGe at −4%, (c) BaCaSn at −6% and (e) BaCaPb at −2% 
without SOC. The corresponding band structures with SOC are in (b), (d) and (f). Sizes of red 
(green) bars stands for the projection on group IV p (Ba d) orbitals.  
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Figure 6. Schematic of topological phase diagram for BaCaX series with respect to the SOC 
strength (Z4) and hydrostatic pressure (P). Regions of nodal-line semimetal with the associated 
strong topological insulator phase (NLSM-TI), normal insulator (NI), and strong topological 
insulator (TI) are marked. The boundary between NI and TI (dashed line) needs to be 
determined. 
  
19 
 
References 
 
1. Fu, L.; Kane, C. L., Topological insulators with inversion symmetry. Phys Rev B 2007, 
76 (4), 045302. 
2. Moore, J. E.; Balents, L., Topological invariants of time-reversal-invariant band 
structures. Phys Rev B 2007, 75 (12), 121306(R). 
3. Roy, R., Topological phases and the quantum spin Hall effect in three dimensions. Phys 
Rev B 2009, 79 (19), 195322. 
4. Chen, Y. L.; Analytis, J. G.; Chu, J. H.; Liu, Z. K.; Mo, S. K.; Qi, X. L.; Zhang, H. J.; Lu, 
D. H.; Dai, X.; Fang, Z.; Zhang, S. C.; Fisher, I. R.; Hussain, Z.; Shen, Z. X., Experimental 
Realization of a Three-Dimensional Topological Insulator, Bi2Te3. Science 2009, 325 (5937), 
178-181. 
5. Hsieh, D.; Xia, Y.; Qian, D.; Wray, L.; Meier, F.; Dil, J. H.; Osterwalder, J.; Patthey, L.; 
Fedorov, A. V.; Lin, H.; Bansil, A.; Grauer, D.; Hor, Y. S.; Cava, R. J.; Hasan, M. Z., 
Observation of Time-Reversal-Protected Single-Dirac-Cone Topological-Insulator States in 
Bi2Te3 and Sb2Te3. Phys Rev Lett 2009, 103 (14), 146401. 
6. Xia, Y.; Qian, D.; Hsieh, D.; Wray, L.; Pal, A.; Lin, H.; Bansil, A.; Grauer, D.; Hor, Y. 
S.; Cava, R. J.; Hasan, M. Z., Observation of a large-gap topological-insulator class with a single 
Dirac cone on the surface. Nat Phys 2009, 5 (6), 398-402. 
7. Zhang, H. J.; Liu, C. X.; Qi, X. L.; Dai, X.; Fang, Z.; Zhang, S. C., Topological insulators 
in Bi2Se3, Bi2Te3 and Sb2Te3 with a single Dirac cone on the surface. Nat Phys 2009, 5 (6), 
438-442. 
20 
 
8. Wang, L.-L.; Johnson, D. D., Ternary tetradymite compounds as topological insulators. 
Phys Rev B 2011, 83 (24), 241309(R). 
9. Hasan, M. Z.; Kane, C. L., Colloquium: Topological insulators. Rev Mod Phys 2010, 82 
(4), 3045. 
10. Bansil, A.; Lin, H.; Das, T., Colloquium: Topological band theory. Rev Mod Phys 2016, 
88 (2), 021004. 
11. Pi, S. T.; Wang, H.; Kim, J.; Wu, R. Q.; Wang, Y. K.; Lu, C. K., New Class of 3D 
Topological Insulator in Double Perovskite. J Phys Chem Lett 2017, 8 (2), 332-339. 
12. Wang, Z. J.; Sun, Y.; Chen, X. Q.; Franchini, C.; Xu, G.; Weng, H. M.; Dai, X.; Fang, Z., 
Dirac semimetal and topological phase transitions in A(3)Bi (A = Na, K, Rb). Phys Rev B 2012, 
85 (19), 195320. 
13. Young, S. M.; Zaheer, S.; Teo, J. C. Y.; Kane, C. L.; Mele, E. J.; Rappe, A. M., Dirac 
Semimetal in Three Dimensions. Phys Rev Lett 2012, 108 (14), 140405. 
14. Wang, Z. J.; Weng, H. M.; Wu, Q. S.; Dai, X.; Fang, Z., Three-dimensional Dirac 
semimetal and quantum transport in Cd3As2. Phys Rev B 2013, 88 (12), 125427. 
15. Liu, Z. K.; Zhou, B.; Zhang, Y.; Wang, Z. J.; Weng, H. M.; Prabhakaran, D.; Mo, S. K.; 
Shen, Z. X.; Fang, Z.; Dai, X.; Hussain, Z.; Chen, Y. L., Discovery of a Three-Dimensional 
Topological Dirac Semimetal, Na3Bi. Science 2014, 343 (6173), 864-867. 
16. Liu, Z. K.; Jiang, J.; Zhou, B.; Wang, Z. J.; Zhang, Y.; Weng, H. M.; Prabhakaran, D.; 
Mo, S. K.; Peng, H.; Dudin, P.; Kim, T.; Hoesch, M.; Fang, Z.; Dai, X.; Shen, Z. X.; Feng, D. L.; 
Hussain, Z.; Chen, Y. L., A stable three-dimensional topological Dirac semimetal Cd3As2. Nat 
Mater 2014, 13 (7), 677-681. 
21 
 
17. Xu, S. Y.; Liu, C.; Kushwaha, S. K.; Sankar, R.; Krizan, J. W.; Belopolski, I.; Neupane, 
M.; Bian, G.; Alidoust, N.; Chang, T. R.; Jeng, H. T.; Huang, C. Y.; Tsai, W. F.; Lin, H.; 
Shibayev, P. P.; Chou, F. C.; Cava, R. J.; Hasan, M. Z., Observation of Fermi arc surface states 
in a topological metal. Science 2015, 347 (6219), 294-298. 
18. Murakami, S., Phase transition between the quantum spin Hall and insulator phases in 
3D: emergence of a topological gapless phase. New J Phys 2007, 9, 356. 
19. Wan, X. G.; Turner, A. M.; Vishwanath, A.; Savrasov, S. Y., Topological semimetal and 
Fermi-arc surface states in the electronic structure of pyrochlore iridates. Phys Rev B 2011, 83 
(20), 205101. 
20. Burkov, A. A.; Hook, M. D.; Balents, L., Topological nodal semimetals. Phys Rev B 
2011, 84 (23), 235126. 
21. Xu, S. Y.; Belopolski, I.; Alidoust, N.; Neupane, M.; Bian, G.; Zhang, C. L.; Sankar, R.; 
Chang, G. Q.; Yuan, Z. J.; Lee, C. C.; Huang, S. M.; Zheng, H.; Ma, J.; Sanchez, D. S.; Wang, 
B. K.; Bansil, A.; Chou, F. C.; Shibayev, P. P.; Lin, H.; Jia, S.; Hasan, M. Z., Discovery of a 
Weyl fermion semimetal and topological Fermi arcs. Science 2015, 349 (6248), 613-617. 
22. Weng, H. M.; Fang, C.; Fang, Z.; Bernevig, B. A.; Dai, X., Weyl Semimetal Phase in 
Noncentrosymmetric Transition-Metal Monophosphides. Phys Rev X 2015, 5 (1), 011029. 
23. Lv, B. Q.; Xu, N.; Weng, H. M.; Ma, J. Z.; Richard, P.; Huang, X. C.; Zhao, L. X.; Chen, 
G. F.; Matt, C. E.; Bisti, F.; Strocov, V. N.; Mesot, J.; Fang, Z.; Dai, X.; Qian, T.; Shi, M.; Ding, 
H., Observation of Weyl nodes in TaAs. Nat Phys 2015, 11 (9), 724-727. 
24. Yang, L. X.; Liu, Z. K.; Sun, Y.; Peng, H.; Yang, H. F.; Zhang, T.; Zhou, B.; Zhang, Y.; 
Guo, Y. F.; Rahn, M.; Prabhakaran, D.; Hussain, Z.; Mo, S. K.; Felser, C.; Yan, B.; Chen, Y. L., 
Weyl semimetal phase in the non-centrosymmetric compound TaAs. Nat Phys 2015, 11 (9), 728. 
22 
 
25. Soluyanov, A. A.; Gresch, D.; Wang, Z. J.; Wu, Q. S.; Troyer, M.; Dai, X.; Bernevig, B. 
A., Type-II Weyl semimetals. Nature 2015, 527 (7579), 495-498. 
26. Huang, L. N.; McCormick, T. M.; Ochi, M.; Zhao, Z.; Suzuki, M.; Arita, R.; Wu, Y.; 
Mou, D. X.; Cao, H.; Yan, J.; Trivedi, N.; Kaminski, A., Spectroscopic evidence for a type II 
Weyl semimetallic state in MoTe2. Nat Mater 2016, 15 (11), 1155-1160. 
27. Wang, Z. J.; Gresch, D.; Soluyanov, A. A.; Xie, W. W.; Kushwaha, S.; Dai, X.; Troyer, 
M.; Cava, R. J.; Bernevig, B. A., MoTe2: A Type-II Weyl Topological Metal. Phys Rev Lett 
2016, 117 (5), 056805. 
28. Autes, G.; Gresch, D.; Troyer, M.; Soluyanov, A. A.; Yazyev, O. V., Robust Type-II 
Weyl Semimetal Phase in Transition Metal Diphosphides XP2 (X = Mo, W). Phys Rev Lett 
2016, 117 (6), 066402. 
29. Wang, L. L.; Jo, N. H.; Wu, Y.; Wu, Q.; Kaminski, A.; Canfield, P. C.; Johnson, D. D., 
Phonon-induced topological transition to a type-II Weyl semimetal. Phys Rev B 2017, 95 (16), 
165114. 
30. Carter, J. M.; Shankar, V. V.; Zeb, M. A.; Kee, H. Y., Semimetal and Topological 
Insulator in Perovskite Iridates. Phys Rev B 2012, 85 (11), 115105. 
31. Fang, C.; Chen, Y. G.; Kee, H. Y.; Fu, L., Topological nodal line semimetals with and 
without spin-orbital coupling. Phys Rev B 2015, 92 (8), 081201(R). 
32. Kim, Y.; Wieder, B. J.; Kane, C. L.; Rappe, A. M., Dirac Line Nodes in Inversion-
Symmetric Crystals. Phys Rev Lett 2015, 115 (3), 036806. 
33. Xie, L. L. S.; Schoop, L. M.; Seibel, E. M.; Gibson, Q. D.; Xie, W. W.; Cava, R. J., A 
new form of Ca3P2 with a ring of Dirac nodes. Apl Mater 2015, 3 (8), 083602. 
23 
 
34. Yu, R.; Weng, H. M.; Fang, Z.; Dai, X.; Hu, X., Topological Node-Line Semimetal and 
Dirac Semimetal State in Antiperovskite Cu3PdN. Phys Rev Lett 2015, 115 (3), 036807. 
35. Bzdusek, T.; Wu, Q. S.; Ruegg, A.; Sigrist, M.; Soluyanov, A. A., Nodal-chain metals. 
Nature 2016, 538 (7623), 75-78. 
36. Chan, Y. H.; Chiu, C. K.; Chou, M. Y.; Schnyder, A. P., Ca3P2 and other topological 
semimetals with line nodes and drumhead surface states. Phys Rev B 2016, 93 (20), 205132. 
37. Hu, J.; Tang, Z. J.; Liu, J. Y.; Liu, X.; Zhu, Y. L.; Graf, D.; Myhro, K.; Tran, S.; Lau, C. 
N.; Wei, J.; Mao, Z. Q., Evidence of Topological Nodal-Line Fermions in ZrSiSe and ZrSiTe. 
Phys Rev Lett 2016, 117 (1), 016602. 
38. Huang, H. Q.; Liu, J. P.; Vanderbilt, D.; Duan, W. H., Topological nodal-line semimetals 
in alkaline-earth stannides, germanides, and silicides. Phys Rev B 2016, 93 (20), 201114(R). 
39. Liang, Q. F.; Zhou, J.; Yu, R.; Wang, Z.; Weng, H. M., Node-surface and node-line 
fermions from nonsymmorphic lattice symmetries. Phys Rev B 2016, 93 (8), 085427. 
40. Schoop, L. M.; Ali, M. N.; Strasser, C.; Topp, A.; Varykhalov, A.; Marchenko, D.; 
Duppel, V.; Parkin, S. S. P.; Lotsch, B. V.; Ast, C. R., Dirac cone protected by non-symmorphic 
symmetry and three-dimensional Dirac line node in ZrSiS. Nat Commun 2016, 7, 11696. 
41. Takane, D.; Wang, Z. W.; Souma, S.; Nakayama, K.; Trang, C. X.; Sato, T.; Takahashi, 
T.; Ando, Y., Dirac-node arc in the topological line-node semimetal HfSiS. Phys Rev B 2016, 94 
(12), 121108(R). 
42. Topp, A.; Lippmann, J. M.; Varykhalov, A.; Duppel, V.; Lotsch, B.; Ast, C. R.; Schoop, 
L. M., Non-symmorphic band degeneracy at the Fermi level in ZrSiTe. New J Phys 2016, 18, 
125014. 
24 
 
43. Wang, J. T.; Weng, H. M.; Nie, S. M.; Fang, Z.; Kawazoe, Y.; Chen, C. F., Body-
Centered Orthorhombic C-16: A Novel Topological Node-Line Semimetal. Phys Rev Lett 2016, 
116 (19), 195501. 
44. Yamakage, A.; Yamakawa, Y.; Tanaka, Y.; Okamoto, Y., Line-Node Dirac Semimetal 
and Topological Insulating Phase in Noncentrosymmetric Pnictides CaAgX (X = P, As). J Phys 
Soc Jpn 2016, 85 (1), 013708. 
45. Singh, B.; Zhou, X.; Lin, H.; Bansil, A., Saddle-like topological surface states on the 
TT'X family of compounds (T, T' = Transition metal, X= Si, Ge). arXiv:1703.04048 2017. 
46. Wu, Q. S.; Zhang, S. N.; Song, H.-F.; Troyer, M.; Soluyanov, A. A., WannierTools: An 
open-source software package for novel topological materials. arXiv:1703.07789 2017. 
47. Xu, Q. N.; Yu, R.; Fang, Z.; Dai, X.; Weng, H. M., Topological nodal line semimetals in 
the CaP3 family of materials. Phys Rev B 2017, 95 (4), 045136. 
48. Yan, Z. B.; Wang, Z., Tunable Weyl Points in Periodically Driven Nodal Line 
Semimetals. Phys Rev Lett 2016, 117 (8), 087402. 
49. Yang, B. J.; Nagaosa, N., Classification of stable three-dimensional Dirac semimetals 
with nontrivial topology. Nat Commun 2014, 5, 4898. 
50. Young, S. M.; Kane, C. L., Dirac Semimetals in Two Dimensions. Phys Rev Lett 2015, 
115 (12), 126803. 
51. Bradlyn, B.; Cano, J.; Wang, Z. J.; Vergniory, M. G.; Felser, C.; Cava, R. J.; Bernevig, B. 
A., Beyond Dirac and Weyl fermions: Unconventional quasiparticles in conventional crystals. 
Science 2016, 353 (6299), 558. 
52. Chiu, C. K.; Teo, J. C. Y.; Schnyder, A. P.; Ryu, S., Classification of topological 
quantum matter with symmetries. Rev Mod Phys 2016, 88 (3), 035005. 
25 
 
53. Gao, Z. H.; Hua, M.; Zhang, H. J.; Zhang, X., Classification of stable Dirac and Weyl 
semimetals with reflection and rotational symmetry. Phys Rev B 2016, 93 (20), 205109. 
54. Yang, B. J.; Bojesen, T. A.; Morimoto, T.; Furusaki, A., Topological semimetals 
protected by off-centered symmetries in nonsymmorphic crystals. Phys Rev B 2017, 95 (7), 
075135. 
55. Sun, Y.; Chen, X. Q.; Franchini, C.; Li, D. Z.; Yunoki, S.; Li, Y. Y.; Fang, Z., Strain-
driven onset of nontrivial topological insulating states in Zintl Sr2X compounds (X = Pb, Sn). 
Phys Rev B 2011, 84 (16), 165127. 
56. Zhu, Z. M.; Li, M. D.; Li, J., Topological semimetal to insulator quantum phase transition 
in the Zintl compounds Ba2X(X = Si,Ge). Phys Rev B 2016, 94 (15), 155121. 
57. Acosta, C. M.; Lima, M. P.; Miwa, R. H.; da Silva, A. J. R.; Fazzio, A., Topological 
phases in triangular lattices of Ru adsorbed on graphene: Ab initio calculations. Phys Rev B 
2014, 89 (15), 155438. 
58. Wang, L.-L.; Johnson, D. D., Predicted Trends of Core−Shell Preferences for 132 Late 
Transition-Metal Binary-Alloy Nanoparticles. J. Am. Chem. Soc. 2009, 131 (39), 14023-14029. 
59. Wang, L. L.; Johnson, D. D., Electrocatalytic Properties of PtBi and PtPb Intermetallic 
Line Compounds via DFT: CO and H Adsorption. Journal of Physical Chemistry C 2008, 112 
(22), 8266-8275. 
60. Hohenberg, P.; Kohn, W., Inhomogeneous Electron Gas. Phys. Rev. 1964, 136 (3B), 
B864-B871. 
61. Kohn, W.; Sham, L. J., Self-Consistent Equations Including Exchange and Correlation 
Effects. Phys. Rev. 1965, 140 (4A), A1133-A1138. 
26 
 
62. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized gradient approximation made 
simple. Phys Rev Lett 1996, 77 (18), 3865-3868. 
63. Blöchl, P. E., Projector Augmented-Wave Method. Phys Rev B 1994, 50 (24), 17953-
17979. 
64. Kresse, G.; Furthmuller, J., Efficient Iterative Schemes for Ab initio Total-Energy 
Calculations Using a Plane-Wave Basis Set. Phys Rev B 1996, 54, 11169-11186. 
65. Kresse, G.; Furthmuller, J., Efficiency of Ab-initio Total Energy Calculations for Metals 
and Semiconductors Using a Plane-Wave Basis Set. Comp Mater Sci 1996, 6, 15-50. 
66. Marzari, N.; Vanderbilt, D., Maximally localized generalized Wannier functions for 
composite energy bands. Phys Rev B 1997, 56 (20), 12847-12865. 
67. Souza, I.; Marzari, N.; Vanderbilt, D., Maximally localized Wannier functions for 
entangled energy bands. Phys Rev B 2001, 65 (3), 035109. 
68. Marzari, N.; Mostofi, A. A.; Yates, J. R.; Souza, I.; Vanderbilt, D., Maximally localized 
Wannier functions: Theory and applications. Rev Mod Phys 2012, 84 (4), 1419-1475. 
69. Lee, D. H.; Joannopoulos, J. D., Simple Scheme for Surface-Band Calculations .1. Phys 
Rev B 1981, 23 (10), 4988-4996. 
70. Lee, D. H.; Joannopoulos, J. D., Simple Scheme for Surface-Band Calculations .2. The 
Greens-Function. Phys Rev B 1981, 23 (10), 4997-5004. 
71. Sancho, M. P. L.; Sancho, J. M. L.; Rubio, J., Quick Iterative Scheme for the Calculation 
of Transfer-Matrices - Application to Mo(100). J Phys F Met Phys 1984, 14 (5), 1205-1215. 
72. Sancho, M. P. L.; Sancho, J. M. L.; Rubio, J., Highly Convergent Schemes for the 
Calculation of Bulk and Surface Green-Functions. J Phys F Met Phys 1985, 15 (4), 851-858. 
27 
 
73. Monkhorst, H. J.; Pack, J. D., Special Points for Brillouin-Zone Integrations. Phys Rev B 
1976, 13 (12), 5188-5192. 
74. Eisenmann, B.; Schafer, H.; K., U., Neue intermetallische Verbindungen im anti-
PbCl2Typ. Z. Naturforsch. B 1975, 30, 677-680. 
75. Whalen, J. B.; Zaikina, J. V.; Achey, R.; Stillwell, R.; Zhou, H. D.; Wiebe, C. R.; 
Latturner, S. E., Metal to Semimetal Transition in CaMgSi Crystals Grown from Mg-Al Flux. 
Chem Mater 2010, 22 (5), 1846-1853. 
76. Soluyanov, A. A.; Vanderbilt, D., Computing topological invariants without inversion 
symmetry. Phys Rev B 2011, 83 (23), 235401. 
77. Yu, R.; Qi, X. L.; Bernevig, A.; Fang, Z.; Dai, X., Equivalent expression of Z(2) 
topological invariant for band insulators using the non-Abelian Berry connection. Phys Rev B 
2011, 84 (7), 075119. 
 
 
 
  
28 
 
TOC Graphics 
 
 
 
